We demonstrate high-speed terahertz (THz) reflection threedimensional (3D) imaging based on electronically controlled optical sampling (ECOPS). ECOPS enables scanning of an axial range of 9 mm in free space at 1 kHz. It takes 80 s to scan a transverse range of 100 mm × 100 mm along a zigzag trajectory that consists of 200 lines using translation stages. To show applicability of the imaging system to nondestructive evaluation, a THz reflection 3D image of an artificially made sample is obtained, which is made of glass fiber reinforced polymer composite material and has defects such as delamination and inclusion, and is compared with an ultrasonic reflection 3D image of the sample. Zeitler, and C. Reid, "Three-dimensional imaging of optically opaque materials using nonionizing terahertz radiation," J.
Introduction
The transparency of nonconductive materials to terahertz (THz) radiation gives us chances to apply THz waves to characterize the internal structures of objects [1] . Such nondestructive evaluation (NDE) using THz waves was demonstrated for aircraft composites [2] , defects in foam materials [3] , and microleaks in plastic [4] . THz tomography can be used for NDE and there are two types of geometry for THz tomography: transmission and reflection [5] . In the transmission type, projection images should be obtained at various angles of projection [6] [7] [8] .
In this case, attenuation of transmitted THz waves through an imaging target is measured and a tomographic image can be reconstructed using this attenuation information. A reconstruction algorithm is necessary to obtain a complete tomographic image. Therefore, the time for acquisition of projection images at various angles and image reconstruction is essential in the transmission tomography. In the reflection mode, tomographic images can be obtained from time-of-flight information [9] . Since the reflection mode needs neither rotation for projection angles nor image reconstruction, it is favorable for real-time B-scan (onedimensional transverse scan along with axial scan) imaging or fast three-dimensional (3D) imaging.
The image acquisition time of THz reflection tomography is mainly determined by A-scan (axial scan) time. In the case of using a THz pulse, A-scans can be conducted through time delay scanning needed for measurement of THz waveforms. The use of a conventional mechanical delay line limits the A-scan rate to ~20 Hz [9] [10] [11] . Recently, a time delay scan rate was achieved up to several hundred Hz or 1 kHz by using mechanical delay tools specifically designed or optical sampling by cavity tuning [12] [13] [14] . Also, asynchronous optical sampling and electronically controlled optical sampling (ECOPS) were demonstrated for high-speed acquisition of THz waveforms [15] [16] [17] [18] . Especially, ECOPS enabled us to acquire THz waveforms with a significant signal-to-noise ratio (SNR) at 1 kHz [17] .
In this paper, we employ the ECOPS technique to demonstrate high-speed THz reflection 3D imaging. A-scan data are acquired at 1 kHz using ECOPS measurement of THz waveforms. The acquisition of A-scan data is combined with fast transverse moving of an imaging target by use of translation stages. The resulting imaging system enables us to acquire a 3D image of a sample with a transverse size of 100 × 100 mm 2 in 80 s. We also demonstrate applicability of the imaging system to NDE by comparing the THz and ultrasonic 3D images of a sample with internal defects.
High-speed THz reflection 3D imaging system
Our imaging system is illustrated in Fig. 1 . Two femtosecond lasers synchronized at a repetition rate of 100 MHz are used for ECOPS measurement of THz waveforms. The time delay between optical pulses from the two lasers is controlled by an external offset voltage applied to the phase locked loop used for synchronization. The detailed description of our ECOPS system can be found in [17] . Here, we set the time delay scan rate to 1 kHz using a triangular signal as the external offset voltage. A time delay window of 60 ps is obtained with a scan rate set to 1 kHz, in which the time delay varies linearly along with the real time. The time delay window of 60 ps allows us to scan an axial range of 9 mm in free space because the optical depth of an interface from the front surface of an imaging target equals to half the product of the time of flight inside the imaging target of a reflected pulse from the interface and the speed of light in vacuum. If the optical thickness of a sample is above 9 mm, a longer time delay window can be used at a lower scan rate [17] . We adopt a normal incidence configuration using a silicon beam splitter, where an imaging target is placed at the focal plane of a normally incident THz beam. Certainly, the TTL signal of the function generator providing the triangular signal as the external offset voltage can be used to trigger a digitizer to acquire THz time-domain data. In order to reduce a timing jitter and vibration effects, however, we use a cross correlator to generate a trigger signal. The cross correlator produces two cross-correlation pulses within a 1 ms period because the time delay is scanned back and forth. We use a digital delay/pulse generator that starts to output a square pulse with a duration of 0.5 ms when triggered by a cross-correlation pulse. Then, the digital delay/pulse generator is triggered by only the leading pulse of two cross-correlation pulses less than 0.5 ms apart and resultantly outputs a 1 kHz TTL signal. THz time-domain data are acquired at 1 kHz by the digitizer triggered by the TTL signal and are used as A-scan data. The reference THz time-domain data of a mirrorreflected THz pulse has a SNR around 260. It is evaluated as the ratio of the peak amplitude to the standard deviation of noise in the time domain. Figure 2 shows examples of the crosscorrelation signal, TTL signal, and THz time-domain data.
We transversely move an imaging target along a zigzag trajectory using translation stages. The total scan time depends on the transverse scan range. For a scan range of 100 mm × 100 mm, a total scan time of about 80 s can be obtained along a zigzag trajectory composed of 200 lines. Each line scan time is about 0.4 s at the maximum speed and acceleration of the translation stage and about 400 data points are recorded per line. During data acquisition, THz time-domain data have to be associated with their positions to form a 3D data cube (X, Y, T). Thus, it is necessary to obtain positions for each THz time-domain data point. Using trigger signals from the digital delay/pulse generator, we can simultaneously acquire positions as well as THz time-domain data while translating an imaging target. This is because the TTL signal triggers the motion controller for the translation stages to start gathering positions at 1 kHz at the same time when the digitizer acquires THz time-domain data. The positions where THz time-domain data are acquired are not regular since the stage speed is not constant along the zigzag trajectory. Thus, we use the triangle-based linear interpolation to regrid the raw data into a regular 3D data cube [19] . 
Its applications to NDE
We obtained THz 3D images of a floppy disk and an artificially made sample to demonstrate application of the imaging system to NDE. Figure 3 (a) shows a two-dimensional (2D) image of the 3.5 inch floppy disk, constructed from the maximum values of A-scan data in a 3D data cube. We rendered a 3D volume of the floppy disk by using a rendering method which displays values around a noise level transparently and values around the maximum and minimum by opaque colors. The internal structure of the floppy disk, which consists of a plastic cover, a metal on the cover, a metal ring in the center, a magnetic storage medium, etc., is revealed clearly by the 3D tomographic image in Fig. 3(b) . Basically, transverse resolution is determined by the spot size at the focal plane and axial resolution is proportional to the THz pulse width. In our experiments, the focal spot size and pulse width are estimated to be 2.3 mm and 2.1 ps, respectively.
Glass-fiber-reinforced polymer (GFRP) composite material is widely used for aircraft, railway, automobile, and wind turbine blades by virtue of the intensive tensile strength [20] . For a GFRP composite, quality control to find delamination or micro-cracking is important to prevent from critical failure of structures. For this reason, we applied our imaging system to NDE of a GFRP composite. We made a GFRP sample with artificial defects, as shown in the schematic design in Fig. 4 . The sample dimensions are 100 mm, 100 mm, and 3 mm in width, length, and thickness. Internal defects like delaminations and inclusions were introduced into the sample. Eight rectangular delaminations with a nominal thickness of 0.2 mm are located around the edges, four of which lie at a depth of 1 mm and the others at a depth of 2 mm.
Also, four square pieces of Teflon with a nominal thickness of 0.025 mm are included around the center at a depth of 1.5 mm. We obtained a 3D THz reflection tomographic image of the sample using our imaging system, as shown in Fig. 5(a) . For comparison with ultrasonic tomography, which is one of the conventional methods for NDE, we also obtained ultrasonic images of the sample, as shown in Fig. 5(b) and 5(c) . To acquire the ultrasonic images, an immersion C-scan test under water was conducted using a 10 MHz ultrasonic transducer. In contrast with the THz reflection tomography using a single-cycle pulse, additional processing of A-scan data is required for the ultrasonic reflection tomography due to a multi-cycle pulse. Figures 5(b) and 5(c) show the images obtained using the envelope function method through the Hilbert transform and the Wiener deconvolution method to process the A-scan data, respectively [21, 22] . The eight delaminations are clearly visualized in the 3D THz image. Figure 5(b) shows the image with a relatively low axial resolution due to the restricted bandwidth of the ultrasound. In the ultrasonic image of Fig. 5(c) , the lower delaminations are observed vaguely as smaller regions compared with the upper delaminations having the same size as the lower delaminations. In case of the inclusions, the ultrasonic image in Fig. 5(c) shows the structures better than the THz image. We investigated the THz and ultrasonic A-scan data to understand the 3D images in more detail. Figure 6 shows A-scan data acquired at regions where there exist (1) no defect, (2) an upper delamination, (3) a lower delamination, and (4) a Teflon inclusion below, as indicated by the black-circled numbers in Fig. 4 . Only the reflected pulses from the front and back surfaces are observed in region (1). The THz refractive index, ultrasonic wave speed, and THz and ultrasonic attenuation coefficients of the GFRP were extracted from the reflected pulses from the front and back surfaces in the A-scan data acquired at region (1). The THz refractive index of the GFRP was estimated to be 2.2 from the time delay between the reflected pulses from the front and back surfaces and the sample thickness [20] . The acoustic impedance of the GFRP was estimated to be 7.4 × 10 6 kg/m 2 s using the measured ultrasonic wave speed of 3.7 × 10 3 m/s and the measured density of 2.0 × 10 3 kg/m 3 , yielding similar values as given in ref [23] . In detail, the properties of GFRP composites depend on the production process and condition. The THz reflection coefficients between the GFRP and air and between the GFRP and Teflon were estimated to be 0.38 and 0.21, respectively, by using the THz refractive indices of the GFRP, air, and Teflon (1.44) [24] and the equation 1 with an acoustic impedance of 1 Z and a medium 2 with an acoustic impedance of 2 Z . Also, the THz and ultrasonic attenuation coefficients of the GFRP were roughly estimated to be 4.3 cm −1 and 7.5 cm −1 , respectively, from the peak-to-peak amplitude ratios between the reflected pulses from the front and back surfaces. From the attenuation coefficients, we can infer that the THz pulse is more advantageous than the ultrasonic pulse in imaging deep structures in GFRP composites. We used the thickness, refractive index, and attenuation coefficient of the GFRP and the depths, thicknesses, and refractive indices of the defect layers to simulate the measured THz A-scan data as shown in Fig. 6(a) . The simulation results were obtained by calculating the reflection of each of the frequency components of the reference THz pulse from the sample and then integrating all the reflected frequency components. Reflection from and transmission through the front surface, attenuation in the GFRP, Fabry-Perot (FP) reflection and transmission due to the defect layers, and reflection from the back surface were included in calculation of the reflection from the sample, since the defect layers act as FP etalons. On the whole, the simulation results are in good agreement with the measured data. In Fig. 6(b) , the ultrasonic A-scan data obtained using the envelope function and Wiener deconvolution methods are shown along with the raw data.
The shape and amplitude of the reflected pulses from the defect layers are determined by transmission through the front surface, attenuation in the GFRP, and FP reflection from the defect layers. The reflected pulses from the delaminations are observed in region (2) and (3). The peak-to-peak amplitude ratio of the reflected pulse from the upper (lower) delamination to the reflected pulse from the front surface is measured to be about 0.57 (0.44) in the THz Ascan data and about 0.33 (0.12) in the ultrasonic A-scan data. The reflected pulses from the back surface behind the delaminations are shown in the THz A-scan data whereas they are not visible in the ultrasonic A-scan data due to no transmission through the delaminations. Also, the reflected pulses from the inclusions are observed in region (4). The resulting peak-to-peak amplitude ratio of the reflected pulse from the inclusion to the reflected pulse from the front surface is measured to be around 0.12 in both the THz and ultrasonic A-scan data. Due to the higher noise level of the THz A-scan data than that of the ultrasonic A-scan data, the inclusion is more clearly seen in the ultrasonic 3D images than in the THz 3D image in Fig. 5 .
In Fig. 6(a) , the peak-to-peak amplitude of the reflected THz pulse from the inclusion is lower than even that from the lower delamination as well as that from the upper delamination. It indicates that the amplitude of the reflected THz pulse from the defects is more strongly dependent on FP reflection from the defect layers than attenuation in the GFRP. We calculated the FP reflection coefficients of the delaminations and inclusion using the equation 
where r is the reflection coefficient between the GFRP and defect, c is the speed of light in vacuum, and n and d are the refractive index and thickness of the defect layer, respectively. The refractive indices of the GFRP, air, and Teflon were approximated to be constant in the spectral range. The attenuation coefficient and thickness of the Teflon inclusion were so small that we ignored the attenuation terms. Figure 7 shows the amplitude spectra of the reflected THz pulses from the front surface and defects and the FP reflection coefficients of the defects.
In comparison with the amplitude spectrum of the reflected THz pulse from the front surface, the high-frequency components of the amplitude spectra of the reflected THz pulses from the defects are greatly reduced due to the frequency-dependent attenuation in the GFRP. In addition, the FP effect of the defect layers results in the frequency-dependent FP reflection coefficients as shown in Fig. 7 . The FP reflection coefficient of the inclusion is lower than that of the delamination in most of the spectral range. As a result, the amplitude of the reflected THz pulse from the inclusion is lower, as shown in Fig. 7 . Therefore, we can see from Eq. (1) that it is difficult to find thin defects which satisfy the condition of thickness « (4 ) c nf , where f is the peak-amplitude frequency. 
Conclusion
We have demonstrated fast THz reflection 3D imaging based on ECOPS measurement. The ECOPS measurement of THz waveforms enabled acquisition of A-scan data with a SNR as high as 260 at a rate of 1 kHz. For the range of 100 × 100 mm 2 , transverse scan of 200 lines along a zigzag trajectory could be completed in 80 s using translation stages. The total scan time was limited to 80 s by the speed of the translation stages. Transverse scan can be sufficiently fast by steering the THz beam instead of moving the imaging target and then the total scan time could be reduced to 40 s for 200 × 200 pixels at an A-scan rate of 1 kHz. Triangle-based linear interpolation was used for rendering 3D images from A-scan data acquired at irregular positions. The THz 3D images of a floppy disk and a GFRP sample with internal defects were obtained using the developed imaging system. By comparison of 3D THz and ultrasonic images, we showed the applicability of the high-speed THz reflection 3D imaging technology to NDE of a GFRP composite material. We found that THz tomography is more advantageous in imaging deep structures than ultrasonic tomography due to lower attenuation. THz tomography could show even defects behind delaminations in contrast to ultrasonic tomography. Also, it turned out that the amplitude of a reflected THz pulse from a defect layer is greatly affected by the layer thickness due to the FP effect and that it is difficult to discover a thin defect whose optical thickness is much smaller than a fourth of the wavelength corresponding to the peak-amplitude frequency.
